I. INTRODUCTION
Potassium niobate has large electro-optic coefficient, 1 nonlinear optical coefficients 2, 3 and excellent photorefractive properties. 4, 5 Thin films of KNbO 3 have applications in integrated optoelectronic devices such as solid state blue-green laser and optical modulators.
These applications require control of domain structure in the films. This can be achieved by in situ control during film growth 6 or ex situ electric field poling. 7 The process of domain reorientation can be quite complex in a multidomain film system and can involve domain wall motions and their interaction with each other and with defects in the film such as dislocations and grain boundaries.
We shall present here a novel technique to sensitively detect changes in domain structure in ferroelectric KNbO 3 thin film using in situ second harmonic generation measurements. The foundation for this technique was laid earlier 8 where it was shown that quantitative data regarding area fractions of domains could be obtained using theoretical modeling of experimental second harmonic output. We shall build upon that concept and show here how we can obtain information about the process of domain reorientation upon application of an external electric field. As a nonlinear optical probe, it has the advantage of being domain orientation specific, sensitive to antiparallel ͑180°͒ polarization directions, quantitative, noncontact, nondestructive, and capable of real time monitoring.
In Sec. II, we shall describe the microstructure and domain structure in KNbO 3 thin films. Section III will present the results of second harmonic study of poling for KNbO 3 ͑110͒ʈSrTiO 3 ͑100͒ʈMgO͑100͒. Mechanisms for domain wall pinning by low angle grain boundaries are proposed and are followed by conclusions in Sec. IV.
II. EPITAXY OF KNbO 3 FILMS

A. Crystallographic considerations
The lattice parameters of the orthorhombic unit cell of KNbO 3 at room temperature are 9 aϭ5.696 Å, bϭ5.7213 Å, and cϭ3.9739 Å. The polarization direction is along the ͓010͔ ͑b axis͒. It is also commonly referred to a set of pseudocubic axes 6 as shown in Fig. 1 . The pseudocubic lattice parameters are a p ϭ4.03 Å along ͓100͔ p and ͓010͔ p directions, and c p ϭ3.97 Å along the ͓001͔ p direction where subscript p denotes pseudocubic notation.
Both MgO and SrTiO 3 are cubic at room temperature with lattice parameters of 4.213 and 3.9 Å, respectively. 10 KNbO 3 can thus be grown on MgO and SrTiO 3 substrates with a cube-on-cube geometry. The lattice mismatch between the ͗100͘ directions of SrTiO 3 and the ͗100͘ p directions of KNbO 3 is only ϳ2% at room temperature and ϳ3% at a growth temperature of 685°C. KNbO 3 can therefore grow on SrTiO 3 in a cube-on-cube geometry with KNbO 3 ͕100͖ p ʈSrTiO 3 ͕100͖. The lattice mismatch between the ͗100͘ directions of MgO and the ͗100͘ p directions of KNbO 3 is ϳ6% at room temperature and ϳ4.5% at 685°C. Thus the misfit in this system is much larger than between KNbO 3 and SrTiO 3 . We therefore can expect improved crystalline quality of KNbO 3 films in terms of orientation and low angle grain boundaries on a SrTiO 3 template as compared to MgO. In this study, SrTiO 3 is used as a transition layer between the MgO substrates and KNbO 3 films. The in-plane and normal to substrate alignment of KNbO 3 lattice mismatch at the SrTiO 3 -MgO interface ͑mismatch ϳ1/13͒, the lattice mismatch at the SrTiO 3 -KNbO 3 interface is reduced to ϳ2%.
In this study, we shall consider only the film system of KNbO 3 on MgO with a thin SrTiO 3 transition layer.
B. Film synthesis
The synthesis of epitaxial and stoichiometric films of KNbO 3 studied here is detailed elsewhere. 8 Briefly, a 120 Å transition layer film of SrTiO 3 was first deposited on MgO͑100͒ by laser ablation at 800°C and an oxygen partial pressure of 100 mTorr. This was followed by depositing a KNbO 3 film at a substrate temperature of 685°C and 100 mTorr oxygen partial pressure by laser ablation using an excimer laser ͑248 nm͒. Stoichiometric films ͑K/Nbϭ1Ϯ0.02͒ were obtained by alternating between KNO 3 and KNbO 3 targets. The total relative pulse ratio of KNO 3 to KNbO 3 was 0.65.
C. X-ray diffraction
Normal -2 scan and rocking curves
The normal -2 x-ray scan in Fig. 2͑a͒ shows that the 120 Å SrTiO 3 transition layer deposited on MgO͑100͒ has only the ͑100͒ growth plane. KNbO 3 film deposited on top of this SrTiO 3 ͑100͒ transition layer has only ͑110͒ growth plane which is the ͕100͖ p plane in pseudocubic notation. This indicates a cube-on-cube epitaxy.
X-ray rocking curves ͑omega scan͒ were obtained by rocking the sample about the 2 angle of ϳ32.95°corre-sponding to KNbO 3 ͑110͒ reflection. Figure 2͑b͒ shows that the full width at half-maximum ͑FWHM͒ of the peak is 1.06°, indicating that the normal orientation of the film is within Ϯ0.53°of the substrate normal.
Pole figures
The in-plane orientational relationship was determined by the off-axis scan of KNbO 3 ͕110͖ p , SrTiO 3 ͑220͒ and MgO͑220͒ reflections. The scan was in steps of ϭ1°. Figure 3 shows KNbO 3 ͓001͔ʈSrTiO 3 ͓010͔ and KNbO 3 ͓110͔ʈSrTiO 3 ͓001͔ ͑misfit 3.3%͒ where the misfit was calculated at room temperature. At a deposition temperature of 685°C, the calculated misfit is ϳ3.2%. The in-plane rela- tionship between the SrTiO 3 ͑100͒ transition layer and MgO͑100͒ is SrTiO 3 ͗100͘ʈMgO͗100͘. Thus the alignment of the KNbO 3 film on MgO with a thin SrTiO 3 transition layer is a cube-on-cube epitaxy with in-plane alignment within ϳϮ1.5-2°.
D. Transmission electron microscopy
These relations can be further confirmed from the plan view transmission electron microscopy ͑TEM͒ diffraction pattern shown in Fig. 4 . The zone axis is ͓110͔ KNbO 3 . The in-plane misorientation can be seen by streaking of the higher order reflections. From the pattern, the estimated inplane misorientation is ϳϮ1.75°which is consistent with the -scan estimation. The plan view micrograph of Fig. 4 shows a mosaic of rectangularly shaped grains ϳ100-150 nm in size. We shall see in the following discussions how these grain boundaries may affect the electric field poling characteristics of KNbO 3 films.
Transmission electron microscopy was used to experimentally observe domain walls. Figure 5 shows the plan view micrograph of this film system. The 60°/120°domain walls become visible by tilting ϳ5°off the ͓110͔ zone axis. These walls were found to be 45°to the pseudocubic ͗100͘ p directions of KNbO 3 film in the growth plane thus indicating that they must be 60°or 120°domain walls. The domain size is of the order of 100 nm.
The presence of a network of 60°and 120°domain walls is related to the presence of local mechanical stresses from inclusions, dislocations, and grain boundaries. 11 In topquality crystals, 60°and 120°domains are absent and only 90°and 180°domains are observed. 11 On the other hand, imperfect crystals containing noticeable amounts of inclusions and grain boundaries have a dense network of 60°and 120°walls. 12 This can be understood from a crystallographic viewpoint. Figure 6 shows the intersection of two 60°do-main walls. The plane of the paper represents the growth plane of the film ͑110͒. Crystallographically, while the 60°͑ or 120°͒ domain walls are themselves coherent, their intersection creates a low angle grain boundary of ϳ2°, which will therefore pin the movement of these domain walls. Conversely, a KNbO 3 film with a network of low angle grain boundaries will facilitate the formation of a network of 60°o r 120°domain walls. This is consistent with our TEM observations.
In Sec. III D, mechanisms shall be proposed to show that the pinning of 60°and 120°domain walls at the grain boundaries can explain the anelastic electric field poling behavior observed in these KNbO 3 films. 
E. Domain microstructure
From the x-ray and TEM diffraction results, we conclude that there are eight possible types of domains ͑num-bered 1-8͒ in the KNbO 3 ͑110͒ growth plane as shown schematically in Fig. 7 . They have been grouped into four variant classes: KNbO 3 ͓110͔ parallel to MgO or SrTiO 3 ͓001͔, ͓001͔, ͓010͔, or ͓010͔ denoted as variants Xϩ, XϪ, Y ϩ, and Y Ϫ, respectively. The signs ϩ or Ϫ represent the direction along which the projection of the polarization direction points in the growth plane ͑Ϯ͓010͔ or Ϯ͓001͔ of the SrTiO 3 or MgO direction͒. The ferroelectric polarization direction is 45°to the film surface. The (x,y,z) coordinates are fixed to the substrate and correspond to MgO or SrTiO 3 ͗100͘ directions.
We shall make the following two-dimensional domain microstructure assumption:
10 ͑a͒ Domains of a given orientation extend through the entire thickness of the film; ͑b͒ the domain walls are crystallographically planar and have well defined orientations with respect to the substrate. In the case of KNbO 3 ͑110͒, there are four possible domain walls:
13 60°, 90°, 120°, and 180°. Of the eight possible domains in the film, there are 28 different domain pair combinations possible. Of these, four pairs form a 180°domain wall, eight pairs form 90°domain walls, and 16 pairs give rise to 60°or 120°domain walls. From crystallographic considerations, the intersection between domains 1 and 2, 3 and 4, 5 and 6, and 7 and 8 will be uncharged 90°domain walls. The domain walls between variants Xϩ and XϪ or between Y ϩ and Y Ϫ will be a 180°or a charged 90°domain wall. The variants Xϩ ͑or XϪ͒ and Y ϩ ͑or Y Ϫ͒ will form 60°or 120°domain walls. The 180°domain walls are along ͑100͒ or ͑001͒ planes of the orthorhombic KNbO 3 . The ͑100͒ walls be 45°to the substrate plane, while ͑001͒ will be normal to the substrate. All the other possible domain walls discussed above will be normal to the substrate. If all the eight possible domains in the film are equally likely, then the overall fraction of non-normal 180°domains will thus be very low.
Based on the discussion above, we shall define and ␦A y shall be given later in Sec. III C. It shall be shown that the approximate equalities given above are excellent approximations for our film system.͒ Since the ͗100͘SrTiO 3 directions are crystallographically equivalent, the four domain variants are equally possible. 
III. ELECTRIC FIELD POLING OF KNbO 3 FILMS STUDIED BY IN SITU SHG
A. Experimental details
The schematic for second harmonic generation measurements is shown in Fig. 8 . A fundamental beam of 1064 nm light from a 20 Hz, Q-switched Nd:YAG laser is passed through a polarizer, a half-wave plate, and a filter that absorbs 532 nm wavelength. The rotation of the half-wave plate can then rotate the incident polarization without changing its intensity. The fundamental wave is then transmitted normal to the substrate and the film. The beam diameter was 3 mm and the average power was 10 mW. The output second harmonic ͑532 nm͒ is passed through an analyzer, through a filter for removing the fundamental wavelength, and is then detected by a photomultiplier tube ͑PMT͒ monitored by a gated integrator and boxcar averager interfaced to a computer.
The external electric field is applied using surface metal electrodes as shown in Fig. 8 . Since the incident beam size is 3 mm in diameter, the electrode gap between the two surface pads was ϳ3 mm. The electrodes were made by depositing a platinum film on the film surface at room temperature using rf-magnetron sputtering. The thickness of the electrode was ϳ1500-2000 Å. An external electric field was applied using a high voltage power supply ͑Keithley 247͒ capable of applying up to Ϯ3 kV. The contacts to the metal pads were made using spring loaded gold coated copper clips. Typically, one of the electrode pads was at ground voltage while the other pad was varied over Ϯ3 kV. The voltage was applied in ambient air which, under dry conditions, does not break down for our operating voltages. Dry nitrogen was blown onto the sample surface as an additional precaution against air breakdown.
Two types of voltage sequences were applied for our experiments, namely, the continuous ramp and the step voltage application. For a continuous ramp sequence of a given polarity, the voltage was ramped continuously at the rate of ϳ20-25 V/s up to a maximum of 3 kV and then ramped back with the same ramp rate to 0 V. A typical step voltage sequence was done as follow: The steps were created by using a high voltage relay as a switch to turn the voltage source on and off. The time period of the step was set by manually switching the relay using a handheld timer. The transient during switching is of the order of a few seconds.
The data collection was completely computer interfaced. Two outputs were collected simultaneously as a function of time: the SHG intensity and the applied voltage. The SHG intensity was collected by feeding the output from the PMT to a gated integrator and the averaged output from the integrator to the computer.
B. Second harmonic generation measurements
Theory
Polar plots of the SHG signal from the film were obtained as follows. The sample was aligned such that the MgO͓010͔ and MgO͓001͔ directions of the MgO͑100͒ substrate were aligned with the x and y directions of Fig. 7 . The incidence was normal to the substrate, i.e., along the ϩzMgO͓100͔. The incident polarization was rotated by rotating the half-wave plate. The output analyzer was fixed along with the y or x polarization direction. Thus the SHG signal was measured as a function of the incident polarization angle, with the y axis. The polar plots for this system can be described by the following general equation: 
where ⌫ϭ͑2.l/c͒ ͓n c 2 Ϫ (n 0 ) 2 ] is a phase shift in the orthorhombic phase and l is the film thickness. The term 
Polar plots with no external voltage
Polar plots for aϳ3500 Å KNbO 3 ͑110͒ film on MgO͑100͒ using a thin SrTiO 3 transition layer ͑120 Å͒ is shown in Fig. 9 . Figure 9͑a͒ is the SHG output for the case where the output analyzer is aligned along the x axis and Fig.  9͑b͒ is for analyzer aligned to the y axis. The solid lines are theoretical simulations based on Eq. ͑1͒ discussed above, determined by the nonlinear least square fitting of the polar plots. The solution to the four fitting constants was determined to be unique for each polarization of x and y. The error in the fitting is reflected in the error bars for the four material and microstructural constants given by Eqs. ͑2͒-͑5͒, as will be discussed further below.
In order to ascertain that the difference in the polar plots for the x and y is related to the local domain structure, the sample was rotated by 90°. The resulting polar figures were as follows: the y-polarized output was now the same as Fig.   FIG. 8. A schematic of the in situ poling study by second harmonic generation measurement. The incident beam ͑1064 nm͒ polarization is rotated by rotating a half-wave plate.
9͑a͒ except for a rotation of 90°in the same way as in the sample rotation. Similarly, the x-polarized output was now the same as Fig. 9͑b͒ with a rotation of 90°in the same way as in the sample rotation. This conclusively proves that the difference in the shapes and intensities of the polar plots is related to the intrinsic domain structure in the probe area of the film.
The solid lines in Figs. 9͑a͒ and 9͑b͒ show the theoretical fitting of Eq. ͑1͒ to the experimental polar plots. Using Eqs. ͑2͒-͑5͒, we can now calculate material and microstructural parameters. These are listed in Table I 2,15 A thickness of ϳ3500 Å for KNbO 3 ͑110͒ on ϳ120 Å SrTiO 3 on MgO͑100͒ was taken to calculate cos ⌫. These thicknesses were determined independently using Rutherford backscattering spectroscopy ͑RBS͒ and prism coupling techniques. The values of cos ⌫ are consistent for both x and y output polarizations. However, there is a discrepancy between absolute values ͑0.86͒ of bulk crystals and our thin films ͑0.43Ϯ0.17͒. Some of the possible sources of error are a numerical error in the nonlinear least square fitting, an
c ) as the same for bulk and thin films. We have earlier reported excellent agreement with theory of the cos ⌫ values in a KNbO 3 film on a SrTiO 3 ͑100͒ substrate. 8 The difference between the film system and the present one under study is the quality of the epitaxy. The KNbO 3 films on SrTiO 3 substrates had better in-plane ͑within a degree͒ and normal to substrate ͑0.5°͒ alignment. Since the value of cos ⌫ is extremely sensitive to misalignments, this may be the source of discrepancy reported in Table I .
The important result is the determination of the pure microstructural quantity ͑␦A x /␦A y ) to be 1 8 Also, the actual signs of ␦A x and ␦A y can be determined by electric field poling studies using in situ second harmonic generation measurement as will be shown in the following.
Continuous voltage ramping experiments
The metal electrodes were deposited such that the external electric field was applied across the Ϯx axis. We thus expect to change the relative area fractions of variants Xϩ and XϪ directly by moving the 60°, 120°, 90°, and 180°d omain walls. The area fractions of variants Y ϩ and Y Ϫ also are expected to change by movement of the 60°and 120°domain walls. We shall thus observe the change in ␦A x and ␦A y using second harmonic generation. Figure 10 shows the SHG intensity as a function of external field E x for the input polarization parallel to the x axis ͑ϭ90°͒ and output analyzer also parallel to the x axis. We are thus measuring I x 2 ͑ϭ90°͒ which is proportional to
The voltage axis of Fig. 10 corresponds directly to the x or MgO͓001͔ axis. The positive voltage corresponds to a field in the ϩx direction and a negative voltage, a field in the Ϫx direction. The following features are observed in Fig. 10 : ͑a͒ The behavior of SHG intensity with external field is not symmetric with respect to the zero field. The minimum in the intensity occurs at about ϩ600 V. ͑b͒ The minimum in the intensity is small but finite, i.e., nonzero. ͑c͒ The intensity curve shows very little hystersis with respect to voltage increase and decrease. The variation of d eff is ϳϮ5%. Hence the hystersis in Fig. 10 is negligible, especially near the intensity minimum. At zero voltage, the SHG intensity change is reversible. After the voltage ramping experiment is finished, the final intensity is the same as the intensity before the experiment at zero voltage. If there is domain reorientation involved, then this suggests that it is a reversible process.
In general, for a SHG active material system with at least two microstructural variants that give rise to equal SHG intensities with antiparallel phase, under phase correlation conditions ͑see Sec. III C2͒ the variation of SHG intensity with an external electric field that changes the relative amounts of these variants will show the typical behavior depicted in Fig. 10 . The extent of hysteresis will indicate the extent of permanent rearrangement of these variants that can be achieved by the field. We shall elaborate on these observations further in Sec. III C after presenting the results of step voltage experiments.
Results of step voltage application experiments
The polar plots of SHG as a function of incident polarization angle can give information about the microstructural parameters ␦A x and ␦A y at different fixed voltages.
The step voltage experiment was done as shown in the top schematic of Fig. 11 . A positive voltage step ͑field in the ϩx direction͒ is followed by a negative voltage step ͑field in the Ϫx direction͒. The behavior of the SHG output for six voltages is shown in Fig. 11 , namely, Ϯ500, Ϯ1000, and Ϯ2000 V. The input and the output polarizations were fixed along the x axis as before. An additional experiment at Ϯ1500 V was also done ͑but not shown for the sake of clarity͒. The experiment was done starting from 0 V to increasing voltage steps up to Ϯ2 kV. The gaps in the data with the ϳ sign are about 13 min each during which time the polar plots of SHG intensity as a function of incident polarization angle were collected for output analyzer parallel to the x and y axes.
Typical polar plots at voltages of ϩ2 and Ϫ2 kV are given in Figs. 12 and 13 , respectively. The clear changes in shape of the polar plots from approximate dumb-bell shapes ͑Fig. 9͒ to four lobed shapes is evident for the output with polarization parallel to the y axis. Theoretical simulations of the plots were done to determine the material and microstructural parameters given by Eqs. ͑2͒-͑5͒. The results are discussed next. , where d 0 is taken as the value for bulk KNbO 3 crystals. 15 Using polar plots similar to those of Figs. 12 and 13 at different electric fields and using Eq. ͑5͒, the value of the ratio ͑␦A x /␦A y ͒ 4 was determined as a function of electric field. Since the value of ͑␦A x ͒ 2 is known, the value of ͑␦A y ͒ 2 can be determined. There are two important conclusions from Fig. 14 ͑a͒. Since ␦A x is a purely domain microstructure related parameter, it conclusively proves that there is domain rearrangement in the film during the external field application. ͑b͒ The change in ␦A x is much greater than any changes in ␦A y with external electric field. We shall discuss these results from the domain microstructure point of view in Sec. III D. Y ϩ ϪA Y Ϫ is the assumption of complete phase correlation ͑CPC͒. This is justified on the basis that the observed second harmonic output ͑d eff ϭ0.5-1 pm/V is ϳ1/900 to ϳ1/1800 of the expected intensities if all the intensity contributions from different domain variants were simply totaled ͑d 0 ϳ30 pm/V͒. 15 The latter case would correspond to complete phase uncorrelated ͑CPU͒ domains where ␦A x ϭA Xϩ ϩA XϪ and ␦A y ϭA Y ϩ ϩA UϪ . However, the SHG fields of variants Xϩ and XϪ are 180°out of phase which, if phase correlated, would cancel each other. 8, 14 Similarly, the output SHG fields of variants Y ϩ and Y Ϫ cancel each other. This can explain the low measured intensities of the second harmonic wave.
The exact definitions of
We shall now attempt to quantify the extent of phase correlation among different domains. The difference between the CPC and CPU cases is that, while the measured intensity as a function of external field in Fig. 10 will go through a zero in CPC, it will always be finite in CPU ͑unless both A Xϩ and A XϪ are zero which is not often the case͒. Since the intensity is indeed finite at the minimum in Fig. 10 , we propose that there is a small component of CPU in an otherwise CPC situation in our films that prevents the minimum in intensity ͑and ␦A x 2 in Fig. 14͒ from going to zero. We thus postulate a new expression for ␦A x as follows:
The new term ␥ is a dimensionless parameter where 0Ͻ␥Ͻ1. Note that ␥ϭ1 corresponds to CPC and ␥ϭ0 corresponds to CPU. We shall now estimate the value of ␥ in our films. From  Fig. 10, d eff ϳ0.4 pm/V, at the minimum intensity ͑voltage ϳϩ600 V͒. This was evaluated using quartz as a reference and using the procedure described in the Appendix. Thus, ͉␦A x ͉ϭ0.4/d 0 ϭ0.014. At the intensity minimum, A Xϩ ϷA XϪ . Also, from x-ray diffraction and epitaxial considerations, we know that A Xϩ ϩA XϪ Ϸ0.5. Substituting these values into Eq. ͑6͒, we get ␥ϳ0.999. This is an important estimate since a value of ␥ close to 1 confirms that our earlier assumption of complete phase correlation was quite good. In addition, it now explains why the intensity does not go to zero in Fig. 10 . There is a small fraction of domains of types XϪ and Xϩ that do not cancel each other's effects.
The term ␦A y can thus be similarly redefined as
where the term ␤ is similar to ␥ and 0р␤р1. An estimate for the minimum can be obtained from the intensity values along the y axis of the polar plots obtained near ϩ600 V with the analyzer parallel to the y axis. The d eff for this case was also ϳ0.4 pm/V giving a value of ␤ϳ0.999. Thus, the CPC assumption is quite good for both ␦A x and ␦A y While we have dealt with this issue at a phenomenological level, the actual microstructural mechanism responsible FIG. 13 . Polar plots of SHG ͑532 nm͒ intensity vs incident polarization angle ͑͒ for normal incidence of the KNbO 3 ͑110͒ film with Ϫ2 kV external poling voltage applied ͑field in the Ϫx direction͒ using surface electrode pads 3 mm apart ͑see Fig. 8͒ . The inset schematics show ͑a͒ x polarized and ͑b͒ y polarized output where x,y are parallel to MgO͗100͘. Solid lines are theoretical fits based on Eq. ͑1͒. for this effect is not clear at present. We believe that there must be an effect due to the domain size and/or the actual distance of physical separation of different domain variants in the film. Fig. 7 , an electric field in the ϩx direction will have a component along the polarization direction of variant Xϩ, and hence will increase the area fraction A Xϩ . Similarly, a field in the Ϫx direction will increase A XϪ . If at zero field, A XϪ ϾA Xϩ , then a field in the Ϫx direction will increase ͑␦A x ͒ 2 while a field in the ϩx direction will first cause a decrease in ͑␦A x ͒ 2 , pass through zero, and the increase again. The minimum ͑zero͒ corresponds to A Xϩ ϭA XϪ . Since I s ϰ͑␦A x ͒ 2 , the intensity I s will also show the same behavior with the external field. This suggests that, in Fig. 10, A XϪ ϾA Xϩ for all fields in the Ϫx direction and for fields less than ϩ600 V ͑across a 3 mm electrode gap͒; A XϪ ϭA Xϩ at a voltage of ϩ600 V, and A XϪ ϽA Xϩ for voltages greater than ϩ600 V. This is depicted in Fig. 15 . If we compare Figs. 14 and 15, it is found that the approximations of ␦A x ϷA Xϩ ϪA XϪ is valid in both magnitude and direction at all voltages except near the intensity minimum ͑ϳ0 to ϩ900 V͒. This is expected, since in this range, the contribution of the CPU term ͓second term in Eq. ͑6͔͒ becomes comparable or more significant as compared to the CPC term ͓first term in Eq. ͑6͔͒. As we move away from the intensity minimum, the CPC term dominates and hence the approxi- The last term in Eq. ͑8͒ changes the relative magnitudes of the four lobes in Fig. 13͑b͒ . Mathematically, a lobe will become larger ͑increased intensity͒ if the last term in Eq. ͑8͒ is positive. This implies that the product ͑␦A x .␦A y . sin 2͒ should be positive. In Fig. 13͑b͒ , the lobes are bigger in the first ͑ϩx,ϩy͒ and third ͑Ϫx,Ϫy͒ quadrants where sin 2 is positive. This implies that the product ͑␦A x .␦A y ͒ should be positive. However at a field of Ϫ2 kV, the value of
Magnitude and sign of
XϪ is negative as shown in Fig. 15 . This implies that the value of ␦A y , and hence the sign of
should also be negative. This is shown in Fig.  15 . The same conclusion can be drawn from Fig. 15͑a͒ where, as expected, the maximum intensity in the two lobed structure is in the first and the third quadrants.
Let 
D. Microstructural model
We now propose a microstructural model to explain the following phenomena. ͑a͒ With the application of the external field, domains rearrange such that the bias ␦A x changes with the external field, whereas the bias ␦A y undergoes negligible change. ͑b͒ The poling behavior of the KNbO 3 film is reversible. In other words, when the external electric field is removed, the domain distribution relaxes with time to its original configuration. We propose below that these phenomena are a result of pinning of 60°and 120°domain walls by low angle grain boundaries in the film. The subject of interaction, i.e., a domain wall interacting with dislocations and low angle grain boundaries, has been reported in literature. [16] [17] [18] Dislocations in tetragonal barium titanate have been observed to act as nucleating sites for closed regions flanked by 90°domains. 16 These dislocations then prevent motion of 90°boundaries by pinning them through a strain interaction. In KNbO 3 , Qi et al. 18 reported that dislocations can act as a source of domain formation. In addition they observed a local curvature of the domain wall near the stress fields of a dislocation. Ingle and Kokate 19 and Kulkarni et al. 20 also reported bending of 60°domain walls in KNbO 3 near stress fields of dislocations. Mishra and Ingle 17 observed that 60°walls in KNbO 3 lineup in pairs on either side of a dislocation array that was formed due to impurity atoms. The 90°domain walls tend to be close to these dislocation arrays. Domain walls were also observed to terminate at these walls if they crossed. Figure 16 shows an idealized schematic of a unit cell consisting of a network of 120°domain walls in the KNbO 3 ͑110͒ growth plane. Also shown is a network of low angle grain boundaries along the ͕100͖ p axes of KNbO 3 , as is the case in our films. The arrows show the projection of the polarization directions on the growth plane. Charge neutrality at the domain walls was assumed. This unit cell is representative of our film system with a network of 60°and 120°domain walls and low angle grain boundaries along KNbO 3 ͕100͖ p directions. It can be ideally translated into x and y directions to fill the x -y plane. We now consider the effect of an electric field applied along the ϩx direction of the domains in the cell. Since the intersections of 120°do-main walls are pinned by the low angle grain boundaries, the bending of domain walls around the pinning centers gives a configuration shown exaggerated by broken lines. The net effect of such movements results in a net increase in the area fraction A Xϩ of Xϩ domains, a net decrease in the area which is consistent with our experimental observations. The pinning mechanism also explains the observation that domain reversal by electric field poling in our films is completely reversible. When the external field is removed, the domains return to their original pinned positions. The asymmetric nature of Figs. 10, 14, and 15 is related to the fact that, at zero field, A XϪ ϾA Xϩ ͑see Sec. III C3͒, determined by the microstructural bias due to pinned domains in the as-deposited film in the probe region.
IV. CONCLUSIONS
Thin films of KNbO 3 ͑110͒ on MgO͑100͒ with a 120 Å SrTiO 3 ͑100͒ transition layer were synthesized. From x-ray diffraction, four possible domain variants in the film growth plane were determined to be KNbO 3 ͓110͔ʈSrTiO 3 negative for fields of less than ϩ600 V and positive for fields greater than ϩ600 V. ͑c͒ The magnitude and sign of ␦A y ͑Ϫ1.57%͒ do not change with the polarity of the electric field. ͑d͒ The poling is reversible, i.e., the domain microstructure returns to its original configuration after the removal of the external field. A mechanism of 60°and 120°d omain wall pinning by low angle grain boundaries is proposed to explain this behavior.
The technique of in situ SHG was shown to be sensitive to domain rearrangement, yielding quantitative measures of the extent of poling with field and time in complex multidomain ferroelectric thin films.
